Abstract-This paper studies the sum data rate that a Visible Light Communication (VLC) system with multiple users can achieve when phosphor-converted white LED panels are used to provide illumination and communication simultaneously. Three different transmission schemes based on Asymmetrically Clipped Optical Orthogonal Frequency Division Multiplexing (ACO-OFDM) are considered to allocate the communication resources in each transmission point: Frequency Reuse (FR), Joint Transmission Coordinated Multi-Point (JT-CoMP), and a Hybrid combination of them. Since phosphor-converted white LEDs have a larger modulation bandwidth for blue optical wavelengths rather than green-yellow-red ones, the performance of each transmission method is also evaluated using a visible and/or blue light optical filter in front of the Photodetector (PD). When the transmission points apply FR, strong inter-cell interference results in high variability of the achievable data rate at different locations. On the other hand, when JT-CoMP is applied, a more homogeneous data rate coverage is achieved, reducing the peak data rate in the inner parts of the cells but improving notably the data rate in cell-edge areas.
I. INTRODUCTION
The use of optical technology to provide wireless access in different indoor environments has been around for quite a long time. While early studies focused on using infrared wireless links [1] , recent investigations started to consider the transportation of data on visible light to provide lighting and communication simultaneously [2] . Moreover, thanks to the replacement of conventional incandescent and fluorescent lights with new low-cost high-power white LEDs, the infrastructure to provide broadband optical wireless access will be soon ready-for-use almost everywhere [3] . Unfortunately, most of the research on Visible Light Communication (VLC) has focused on the achievable data rate from a link-level perspective, using different LED technologies, modulation formats, and positioning requirements [2] , [4] , [5] . To our best knowledge, the sum data rate that multiple VLC cells can provide from a system-level perspective has not been characterized in detail so far, particularly when multiple points have the chance to coordinate their transmissions to serve multiple users that may take random positions in a room.
The simplest way to transmit information in a VLC system consists in modulating the intensity of the white LED and detecting directly the changes in the received optical power with a Photodetector (PD) [6] . Since the intensity of an optical carrier cannot be negative, only unipolar modulating signals (i.e., real and positive) can be accepted. Asymmetrically Clipped Optical Orthogonal Frequency Division Multiplexing (ACO-OFDM) [7] fulfills this requirement and, at the same time, provides a data rate performance close to the capacity of the equivalent Intensity Modulation (IM) Direct Detection (DD) channel for practical Signal-to-Noise Ratio (SNR) [8] .
Due to that, we use ACO-OFDM to characterize the data rate that a properly designed VLC system can achieve. Moreover, since all digital processing is done in a central unit that is connected to the LED panels with a wired fronthaul, Coordinated Multi-Point (CoMP) transmission can be implemented to serve cell-edge users that suffer strong inter-cell interference with Frequency Reuse (FR).
Though early papers on VLC considered transmitters with tri-chromatic LEDs to generate the white light [2] , later on phosphor-converted white LEDs started to gain popularity [5] . In this LED technology, a blue chip leaks blue light into a yellow phosphor coating, which converts part of the received optical power into green-yellow-red light [4] . Phosphor-converted LEDs have a larger modulation bandwidth for the light emitted in the blue region than the light emitted in the green-yellow-red range [4] . To determine the potential of VLC technology from a system-level perspective, in this paper we study the sum data rate of three different transmission schemes: FR, Joint Transmission (JT) CoMP, and a Hybrid combination of them. This performance is characterized when both visible light (400-750 nm) and a blue light (400-500 nm) optical filters are placed in front of the PD [9] .
The rest of the paper is organized as follows: Section II presents the system model and characterizes the responses of the white LED, optical channel, and PD. Section III derives the achievable date of a single-cell VLC system using ACO-OFDM, whereas Section IV extends the analysis to a multi-cell scenario with multiple transmission points in the same room. Section V analyzes the sum data rate that the different combinations of transmission schemes and optical filters provide. Finally, conclusions are drawn in Section VI.
978-1-5386-3531-5/17/$31.00 c 2017 IEEE Fig. 1 . Indoor VLC system composed of a centralized processing unit, an ideal wired fronthaul, and multiple LED panels that coordinate their transmissions to provide reliable optical wireless access to multiple users that take random locations in the same room. 
II. SYSTEM MODEL
Consider the VLC system model presented in Fig. 1 , consisting of a Centralized Processing Unit (CPU), a wired fronthaul network, few LED panels, and a variable number of users that take random (but fixed) locations in the room. In this centralized VLC system architecture, all digital signal processing is done at the common CPU, which also selects the most convenient way to use the communication resources according to the locations of users. Each LED panel consists of an square array of LED chips, which are dumb in nature and just perform the corresponding Electrical-to-Optical (E/O) conversion. All transmission methods in this paper use ACO-OFDM as modulation technique. Three different types of phosphor-converted LEDs are studied, each of them generating an specific spectrum of white light (i.e., cool, neutral, and warm white light spectrum). The implementation complexity of the different transmission schemes analyzed in this paper is practically the same, as the proposed VLC system architecture is centralized.
A. Spectral optical power of phosphor-converted LEDs
Most white LEDs used nowadays for illumination purposes have a blue chip topped with a yellow phosphor layer. The type of white light generated by these LEDs depends on the spectrum of the light generated by the blue chip, S 
o (λ), has been used in numerous LED-related applications [11] . Without loss of generality, in this paper we have approximated the relative radiant optical power distribution of the LEDs Xlamp XR-C [10] as follows: [nm] are the amplitude, mean, and variance of each Gaussian function component, respectively. The selected parameters to fit the characteristics of the three LED types described in [10] are listed in Table I , and the approximated relative optical power distributions are shown in Fig. 2 . As expected, each of these functions have two peaks, one in the blue light region (450 nm) and the other in the green-yellowred light range (550-650 nm). Since (1) provides the normalized optical power with respect to the peak value, to obtain the fraction of the optical power that the LED irradiates in the blue region, the area of G rel (λ) between λ 1 = 400 and λ 2 = 500 nm should be normalized with respect to the area in the whole visible light region (i.e., for optical wavelengths between λ 1 and λ 3 = 750 nm).
B. Optical channel modeling
Different channel models have been proposed in the literature to characterize the indoor propagation of visible light signals [12] . This paper focuses on the simplest of them, which only considers the effect that the light source and the Line-of-Sight (LoS) link have on the received optical power. The effect of the diffuse components reflected by walls, floor, and ceiling is neglected as the channel delay spread is much lower than the symbol time in our practical indoor scenario.
In the LoS channel model, each LED is considered as a source of light with a Lambertian radiation pattern; therefore, the DC gain of the optical channel between transmitter i and receiver j can be written as [2] is the distance between transmitter and receiver, and Ψ c [rad] is the Field of View (FOV) semi-angle of the PD. In practice, the Lambert index of the LED is given by m = −1/ log 2 cos(θ max ) , where θ max [rad] defines the source radiation semi-angle at half power, which is typically provided in LED data sheets [10] .
Finally, let P tx,i [W] be the optical power that LED i emits in the whole visible light region. Then, the spectral optical power that PD j receives per-unit-area is
where A 0 is the unit reference area (e.g., 1 cm 2 ).
C. Received SNR at Photodetector output
The output current of PD j due to the data-carrying optical signal that is present in the received light is
where
, and f o,j (λ) are the area, responsivity, and normalized optical filter response of the PD, respectively. The optical filter is designed to accept most of the wanted optical signal power, which is ideally located between the lower (λ l ) and upper (λ u ) cutoff wavelenghts.
In a similar way, the current that is generated in PD j due to the ambient light noise that arrives from unmodulated light sources that are also present in the room (e.g., sunlight that comes through windows) is
where p n,j (λ) [W/(cm 2 nm)] is the optical power of the background light at wavelength λ. Then, the single-sided power spectral density of shot noise in the PD is [1] 
where q is the electric charge of an electron. Right-Hand Side (RHS) approximation in (6) results in practical situations, where ambient light noise power reaching the PD is much stronger than the received data-carrying optical signal power. In this situation, the shot noise current generated at the output of the PD is essentially white, Gaussian, and independent of the wanted signal. Finally, let B e,i [Hz] be the modulation bandwidth of LED i. Then, when the electrical power of the transmitted signal is equally allocated across the whole modulation bandwidth of the LED, the received SNR at the output of PD j becomes
where N 0,j = S shot,j [A 2 /Hz] when the effect of the thermal noise at the receiver is ignored.
Optical blue light filter:
When an optical filter with cutoff wavelengths λ l = λ 1 and λ u = λ 2 is used, the SNR at the output of PD j becomes
e,j is the modulation bandwidth of the blue chip,
is the transmittance of the optical blue filter, which is approximated as constant between λ 1 and λ 2 .
Optical visible light filter:
When the optical filter is designed to accept all the light reaching the PD within the visible light region, i.e. between λ l =λ 1 and λ u =λ 3 ,
is obtained, where B (v) e,j is the combined modulation bandwidth of the blue chip and yellow phosphor coating. In this case, the transmittance of the optical visible light filter is approximated as constant (i.e., f 
III. DATA RATE IN A SINGLE-CELL VLC SYSTEM
In this section, we estimate the achievable data rate of a single-cell VLC system assuming that ACO-OFDM is used as modulation scheme. To simplify the notation, we drop the indexes i and j that identify the LED and PD, respectively. The presented analysis is valid when either a blue light or visible light optical filter is used.
The generation of an unipolar ACO-OFDM signal to modulate the intensity of an optical carrier is very similar to the generation of a complex OFDM signal to modulate the amplitude and phase of an RF carrier. That is, the QAM symbols to be transmitted on the different subcarriers are first grouped into a complex vector X = [X 0 · · · X k · · · X N −1 ] that is constrained to have Hermitian symmetry or, equivalently, verify that X N −k = X * k for k = 0, . . . , N/2 − 1. This way, the time-domain OFDM signal samples that are generated after the N -point Inverse Fast Fourier Transform (IFFT)
(10) takes only real and bipolar values. Furthermore, to avoid any DC shift, X 0 and X N/2 are set to zero.
Next, a Cyclic Prefix (CP) of length N cp is added to control the optical channel dispersion, and the desired unipolar signal to be transmitted is obtained by clipping negative values of the IFFT signal samples as
When only the odd subcarriers of (10) are modulated, the effect of clipping is a reduction on the amplitudes of the odd subcarriers by half, as well as the generation of intermodulation distortion that falls on the even subcarriers only [7] .
The optical signal at the LED output is x o (t) = β s(t), where β [W/A] is the optical conversion factor and s(t) is the continuous-time signal that corresponds to s[n].
The detected signal at the PD is y(t) = R r o (t) + w(t), where r o (t) = h(t) ⊗ x o (t) is the received optical signal represented as the convolution of the transmitted optical signal with the optical channel impulse response h(t), R is the average responsivity of the PD, and w(t) is Additive White Gaussian Noise (AWGN) that is added in the electrical domain.
The discrete samples y[n] of electrical signal y(t) are demodulated using an N -point Fast Fourier Trans-
, where
(12) Then, the received SNR on the k-th subcarrier is
where SNR equals (8) or (9) if a blue light or visible light optical filter is used in the PD, respectively. Finally, when the equivalent electrical channel H(k) is flat within the modulation bandwidth B e , the data rate is maximized if the transmission power is equally distributed among the odd subcarriers. Then, when all odd subcarries are used, the achievable data rate of a VLC system becomes
where the latter approximation results when N cp ≪ N .
IV. DATA RATE IN A MULTI-CELL VLC SYSTEM
We now assume that multiple LED panels, with indexes in set I, are deployed to serve multiple users. In FR, the users associated to the different cells are served simultaneously, creating inter-cell interference that affects the received signal quality. In JT-CoMP, on the other hand, all LED panels transmit information jointly to only one user at a time. Due to that, intercell interference is avoided and received signal quality is improved. However, since communication resources are now time-shared among users, the implementation of JT-CoMP introduces the so-called multiplexing loss.
A. Frequency Reuse scheme
Let us assume that each LED panel transmits information to one user per cell, using for this purpose the odd subcarriers with indexes in set K = {1, 3, . . . , N/2 − 1}. Then, since all LED panels in the room transmit information simultaneously in the whole modulation bandwidth, the received signal of the user associated to cell i is
Then, based on the analysis presented in Section III, the received Signal-to-Interference-plus-Noise Ratio (SINR) that user associated to cell i has on subcarrier k becomes
where the latter approximation results when the equivalent electrical channel has a flat response. Finally, as FR serves |I| users simultaneously, sum data rate becomes
where SNR j,i equals (8) or (9) if a blue light or visible light optical filter is used in front of the PD, respectively.
B. Joint Transmission Coordinated Multi-Point scheme
To make a fair comparison, we assume that there is one user per cell to be served jointly by all LED Fig. 3 . Centralized VLC system with two LED panels that serve three users with different transmission schemes on adjacent visible light and blue light carriers. JT-CoMP is applied on the high-frequency subcarriers to serve user 1 (blue chip modulation bandwidth), whereas FR is applied to serve user 2 and 3 on the low-frequency subcarriers (yellow phosphor modulation bandwidth). LPF: Low-Pass Filter. panels on the whole modulation bandwidth. Then, since JT-CoMP serves users one-by-one, the received signal is
whereas the received SNR of active user becomes
Again, the latter approximation assumes a flat response in the equivalent electrical channel. Finally, since the |I| users are time-multiplexed, the sum data rate is
where SNR j,i is given by (8) or (9) if a blue light or visible light optical filter is used in the PD, respectively.
C. Hybrid scheme with both FR and JT-CoMP
Frequency Reuse improves the sum data rate when serving users in the inner parts of cells, as the intercell interference power is notably lower there. However, when serving cell-edge users, JT-CoMP provides a better performance because the SNR gain that is obtained for aggregating transmission power and eliminating intercell interference outperforms the multiplexing loss that is experienced. In practice, the modulation bandwidth for the whole visible light spectrum, B (v) e , is an order of magnitude lower than the modulation bandwidth for the blue light part, B (b) e [4] . So, it is reasonable to subdivide the subcarrier indexes into two disjoint subsets: K 1 = {1, 3, . . . , N 1 /2 − 1} and K 2 = {N 1 /2 + 1, N 1 /2 + 3, . . . , N/2 − 1}. After that, users located in the inner parts of cells should be scheduled on subcarriers in K 1 using FR in transmission and a visible light optical filter in reception. Similarly, cell-edge users should be scheduled on subcarriers in K 2 using JT-CoMP in transmission and a blue light optical filter in reception.
Therefore, if we assume that
with N 1 + N 2 = N , the sum data rate becomes
The block diagram of this scheme is shown in Fig. 3 .
V. PERFORMANCE EVALUATION
The different transmission schemes are evaluated in a small office scenario with several lighting equipments, as described in [13] . The dimension of the office room is 5 × 5 × 3 m Since the room size is relatively small, the CP that is needed to control the multipath propagation is extremely short; therefore, the impact that N cp has on the VLC system sum data rate is neglected. The LoS channel model described in Section II-B is used to characterize the optical propagation indoors.
The single-sided power spectral density of the shot noise is estimated using the spectral irradiance of the isotropic bright skylight, which is 6 mW/(cm 2 /nm) [1] . So, assuming that the sun-light has an uniform spectral power distribution, about 30% of the shot noise reaches the PD using an ideal optical filter with passband between λ 1 and λ 2 . The contribution of any other source of artificial illumination on the shot noise is neglected, as its effect can be compensated in part using either electrical or optical filters at the receiver. In this paper, PD is SFH 213 from OSRAM is used as reference [14] , which shows a responsivity that grows (almost) linearly with the wavelength in the visible light spectrum. More precisely, the relative responsivity is about 20% at 400 nm and 90% at 750 nm. The peak responsivity is 0.65 A/W and takes place at 870 nm. The PD has a FOV semi-angle Ψ c = 80 deg and an effective area A = 16 mm 2 .
Figures 4 and 5 show the achievable sum data rate of a VLC system when FR and JT-CoMP are used with a visible light and a blue light optical filter, respectively. In a phosphor-converted white LED, the modulation bandwidth is approximately 10 times larger in the light emitted by the blue chip than the yellow phosphor. This is the reason why the sum data rate that is achievable with a blue light optical filter (Fig. 5 ) is an order of magnitude higher than with a visible light optical filter (Fig. 4) . Note that due to the presence of strong intercell interference, the sum data rate with FR has much higher variability than with JT-CoMP. As expected, FR provides the highest data rate in the inner part of cells, where inter-cell interference is relatively weak. On the other hand, JT-CoMP performs better in cell-edge areas because it eliminates inter-cell interference by serving users in a time-multiplexed fashion. Finally, JT-CoMP provides macro diversity and, due to that, it is more robust than FR against LoS link blockage. Figure 6 shows the Cumulative Distribution Function (CDF) of the sum data rate that ACO-OFDM can achieve with visible light (upper panel) and blue light (lower panel) optical filters. In both cases, the transmission power is equally distributed among the subcarriers that lie within the modulation bandwidth of the yellow phosphor (B e = 2 MHz) and blue chip (B e = 20 MHz), respectively. Three different white LED types are considered: neutral (circles), cold (squares), and warm (diamonds). Since the sum data rate of FR is mainly limited by inter-cell interference (not by shot noise), there is no notable variation in the sum data rate when using the different LED types. On the other hand, when using a visible light optical filter with JT-CoMP, the sum data rate is highest for the warm white LED and lowest for the cold white LED. The reason for this is that the warm white LED emits more optical power in the green-yellow-red range than the cold white LED. In this optical region, the responsivity of the PD is highest and, due to that, the output current that the wanted signal generates at the PD increases. The opposite situation happens with the blue light optical filter, where the cold white LED gives the maximum sum data rate as the optical power emitted in the blue region is the highest.
Finally, we study the hybrid scheme that combines FR and JT-CoMP in different subcarriers. To make a fair comparison, we consider that each LED allocates 10% of the optical power in those subcarriers that lie within the modulation bandwidth of the yellow phospor coating (B e = 2 MHz). Figure 7 shows the sum data rate of ACO-OFDM in presence of a visible light (upper panel) and blue light (lower panel) optical filters. Note that for both FR and JT-CoMP, the achievable data rate is highest when using a visible light optical filter. This is because, when the modulation bandwidth is constant, the visible light optical filter collects more optical power than in the blue light one. Moreover, since the average responsivity grows as the optical power in the greenyellow-red region increases, the PD output current (perpower-unit) augments and, therefore, the achievable data rate per carrier improves. To sum up, from a sum data rate maximization perspective, a VLC system should use FR to schedule users in the inner part of the cells on low-frequency subcarriers (visible light optical filter), and JT-CoMP to schedule users in the cell-edge areas on high-frequency subcarriers (blue light optical filter).
VI. CONCLUSION
We have studied the data rate performance that different transmission schemes can support in a multi-cell VLC system, where multiple LED panels have the possibility to coordinate their transmissions to serve multiple users simultaneously. To be aligned with the characteristics of contemporary LED-based lighting, phosphor-converted white LEDs were considered. Moreover, low-cost optical filters and PDs were assumed in reception. When transmission points apply FR, the strong inter-cell interference that is generated introduces a large variability on the achievable data rate at different locations. On the other hand, when JT-CoMP is applied, a more homogeneous data rate coverage is obtained, providing notable performance improvements in celledge areas. When using FR, the achievable data rate did not vary for the different white LED spectra (i.e., neutral, cold, and warm). On the other hand, in case of JT-CoMP, the achievable data rate was highest (lowest) when using a cold (warm) white LED with a blue light optical filter. The opposite situation was observed when a visible light optical filter was used. Finally, for the Hybrid scheme that combines FR and JT-CoMP, the highest data rate was achieved when low-(high-)frequency subcarries were detected with visible light (blue light) optical filter.
